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A computer program is described that can rapidly process low-resolution electrospray liquid
chromatography/mass spectrometry (LC/MS) for peptides and proteins and assign molecular
weights for observed components. The program first analyzes individual scans using a
deconvolution algorithm similar to that previously described by Zhang and Marshall. Results
for the entire run are then sorted by mass and those values found in adjacent scans are grouped
together. The list of found components can also be compared to a user defined list of target
molecular weight values making it easy to compare the results from different analyses. The
program also has the capability to process a rolling average of scans that improves the
performance when analyzing high molecular weight components. Other program features
facilitate closer examination of selected spectra or regions of the chromatogram to check the
MoWeD mass assignments. The utility of the program was demonstrated by the analysis of
LC/MS data derived from a complex mixture of proteins derived from a bacterial whole cell
lysate that had previously been analyzed manually. The MoWeD analysis was 30 times faster
and provided a more comprehensive list of the components present. (J Am Soc Mass
Spectrom 2001, 12, 599–606) © 2001 American Society for Mass Spectrometry
The ability of electrospray (ES) ionization to gen-erate sample ions directly from the solvent elut-ing from a liquid chromatography column has
made liquid chromatography/mass spectrometry (LC/
MS) a practical reality [1]. The analysis of high molec-
ular weight compounds is facilitated by the generation
of multiply charged species. Multiple charging makes it
possible to analyze a broad range of molecular weights
by collecting data over a narrow range of mass to
charge ratios (typically m/z 200–2000) [2]. However,
multiple charging complicates interpretation of a spec-
trum because the charge state of an ion must be
determined before the molecular weight (MW) can be
assigned. In the past several years, a number of com-
puter algorithms have been developed that are de-
signed to take the multiple ion charge state pattern in a
spectrum plotted as mass to charge (m/z) ratios and
convert it to a single value corresponding to the MW of
that component [3–10]. Programs to perform this con-
version or deconvolution process are generally in-
cluded as part of the data system software for instru-
ments capable of collecting electrospray data.
Unfortunately, most require some interaction with the
user in order to correct for artifacts created by the
deconvolution process and insure proper charge state
assignment. Although adequate for analyzing one or a
few spectra, the analysis of the hundreds of spectra
generated by a single LC/MS run is very tedious and
prone to human error.
We have developed a computer program that we call
MoWeD (Molecular Weight Determination) which is
designed to rapidly and automatically process all the
spectra in an LC/MS run. The program is designed to
analyze the low resolution, centroided data files that are
commonly collected using quadrupole and quadrupole
ion trap mass analyzers. This report describes the
design and operation of the program and provides
examples of its use for analyzing different types of
peptide and protein mass spectral data.
Methods
Computer and Programming Environment
The program was created using National Instruments
(Houston, TX) LabVIEW version 5.1 and can be used on
PCs running Windows NT version 4.0. MoWeD can
read centroid data files in the ThermoQuest (San Jose,
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CA) LCQ, Thermoquest Xcaliber, and Andi [11] file
formats. The analysis times shown in the various exam-
ples were obtained using a computer with dual Pen-
tium II 400 MHz processors. A compiled version of the
program along with the LabVIEW runtime engine is
available free of charge and can be downloaded from
the internet at (http://www.cityofhope.org/microseq/
download.html).
Mass Spectrometry
All mass spectra used to test the program were acquired
on a ThermoQuest LCQ mass spectrometer equipped
with a custom-built gradient loop LC system [12]. All
spectra were collected in the centroid mode.
Algorithm for Analyzing Individual Spectra
The method for determining the molecular weights of
potential components in a spectrum is similar to that
previously described by Zhang and Marshall [9]. Data
points outside of the user specified m/z range and below
the intensity threshold are removed to create a simpli-
fied spectrum. Starting with the most intense ion,
charge state patterns are calculated for each molecular
weight corresponding to a multiple of the m/z value.
Each charge state pattern is compared to the spectral
data and scored. The score is equal to the number of
peaks present in the pattern minus the number of gaps
in the pattern. Missing members of the charge state
pattern beyond the highest or lowest observed member
are not counted in the scoring. The highest scoring
possible molecular weight is then assigned to that ion. If
two or more possible MW values score the same, all of
those values are assigned to that ion. The process is
repeated for each ion in the simplified spectrum. The
program allows for a user-defined limit on the number
of components to be considered in each scan. Along the
way, checks are made to ensure that possible molecular
weights have not already been found or are within the
isotopic envelope of molecular weights previously
found.
The scoring method very effectively distinguishes
between the correct molecular weight and one that is an
integer multiple or fraction of that value. For example,
each ion in a five-peak pattern would have the correct
m/z value for both the correct molecular weight and
twice the correct molecular weight. However, the ob-
served pattern corresponding to twice the correct mo-
lecular weight would contain four missing ions or gaps
that would be subtracted from the total number of
observed ions to yield a score of 1. Conversely, the
correct molecular weight would receive a score of 5.
Counting gaps is different than counting missing ions.
Suppose, for example, that five members of a charge
state pattern are observed in the spectrum along with a
random ion several charge states removed from rest of
the pattern. If the sum of all of the ions missing from the
charge state pattern were subtracted from the total, the
score might be very low or even negative depending on
the size of the gap. By subtracting only one point for the
whole gap, the effect of the extra random ion is negated
and the score is the same as if it were not observed.
The use of a threshold to remove low abundance ions
is a major factor in decreasing the time needed to
analyze a spectrum. It was found useful to have two
intensity threshold values. The first is an absolute
threshold that eliminates the need to analyze very low
intensity spectra. The second is a dynamic threshold
that is based on the mean intensity for all the ions in the
spectrum. This makes it possible to limit the analysis to
only the more intense ions in a spectrum enabling the
efficient analysis of spectra having a broad range of
intensities. The optimum value for the dynamic thresh-
old setting depends on the nature of the spectral data.
LC/MS runs that contain primarily low molecular
weight components (,10,000 Da) can be analyzed with
a threshold set at 5–6 times the mean. High molecular
weight (.50,000 Da) components display a large num-
ber of charge states and a greater fraction of the
observed ions need to be included for an adequate
analysis. In these instances, a lower value should be
selected for the intensity threshold (1.5–3 times the
mean).
A variable designated as the tolerance radius is used
to define the window of observed m/z values that can be
accepted as a match to a calculated charge state m/z
value. The user sets the tolerance radius by setting
values at any two points on the mass scale. Those values
determine the slope of the linear relationship between
the tolerance radius and the mass scale. Thus, it is
possible to allow for a greater error in the mass mea-
surement for higher molecular weight species. The
same tolerance radius is used to determine if a molec-
ular weight is the same as one previously found. It is
also used to determine if a found component matches
any member of the target mass list and by the Run
Results Filter to determine if the same molecular weight
is found in successive scans (see Total Run Analysis
section).
It is possible for two random unrelated ions to have
m/z values that would match the charge state pattern for
a nonexistent protein. Testing of early versions of the
algorithm showed that this occurs frequently in an
LC/MS run. The majority of such artifacts could be
eliminated by imposing an upper molecular weight
limit for which a two peak pattern would be considered
valid. This upper limit is generally set between 2000
and 3000 Da. Higher mass peptides should yield more
than two charge states when ionized by electrospray. It
was also found that some polymer contaminants in
samples yielded closely spaced patterns of peaks that
were often assigned as charge states for a large protein.
An additional variable was added to set the minimum
distance between adjacent charge states thus limiting
the occurrence of such artifacts without limiting either
the m/z range analyzed or the MW range of components
to search for. This variable would, of course, preclude
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assignment of high molecular components that are real
if the spacings between all members of the charge state
pattern are below the limit.
For some types of samples, particularly high molec-
ular weight proteins, better spectra are obtained by
averaging several scans. MoWeD includes a provision
to perform the analysis on a rolling average of scans
rather than single scans. The averaging routine works
by combining 2n 1 1 scans where n is an integer value
set by the user. Each set of averaged scans overlaps the
previous set by n scans. Although time is required to
average the scans, there are fewer spectra to analyze.
For values on n greater than 1, more time is saved in the
analysis than is required to average the scans. As the
value of n increases, the total time required to analyze
the data file decreases. Thus, averaging scans can both
increase the quality of the data and decrease the time
needed for the analysis.
Total Run Analysis
After the analysis of individual scans is completed,
MoWeD processes the data for the whole LC/MS run
by ordering all of the found MW values, grouping scans
that contain the same mass and checking to see if any
observed MW values match those on the Target MW
list. As part of this operation, the list of found compo-
nents can be filtered by removing all those that do not
occur in more than one scan. This Run Results Filter is
very effective in removing artifacts generated by ran-
dom alignments of ions in noisy spectra. Such random
hits are rarely found in more than one spectrum within
a narrow range of scans. Imposing the requirement that
a component must be found in 2 out of 2 or 2 out of 3
scans is generally sufficient to eliminate most artifacts
without losing anything that would generally be con-
sidered significant. The user can specify the number of
scans within a range of scans and different values for
the Run Results Filter can be applied to the data without
reanalyzing the individual spectra.
Program Operation
After selecting the data file to analyze, setting the
analysis parameters (which can be saved in a file), and
selecting a target MW list if desired, the analysis is
started. Progress can be monitored in real time on a
two-dimensional (2-D) display (Scan Number vs. MW).
After application of the Run Results Filter, the 2-D
display is updated and the summary of the results is
exported to Microsoft Excel or written to a text file. Data
in the exported file is ordered by mass and each entry
includes the beginning scan number, the range of scans,
the sum of the ion intensities for that component in all
of the scans, the number of charge states found, and any
match to a target MW.
MoWeD was designed to facilitate manual confirma-
tion of the results of the analysis. Positioning the cursor
on a result in the 2-D display automatically displays the
spectrum at that scan number. Ions belonging to one or
more charge state patterns are displayed with a color
and symbol specific to the found molecular weight and
each ion in the pattern is annotated with the charge
state value. A toggle is provided to switch the display to
the deconvoluted spectrum. The deconvolution is done
using an algorithm similar in function to that supplied
with the ThermoQuest mass spectrometer software. The
result of the MoWeD analysis is plotted in color on the
same graph, making it easy to compare the results
obtained with each method. The single scan analysis
can also be applied to the average of two or more scans.
A separate display shows the total ion and base peak
chromatograms. A region of the chromatogram can be
selected with the cursor, or the beginning and ending
scan numbers can be entered manually. The resulting
averaged spectrum is then processed in the same way
as a single scan. The single scan function can be
accessed directly without going through the analysis of
the entire run. This feature is useful for analyzing
specific peaks in a chromatogram and for optimizing
the MoWeD analysis parameters.
In addition to the exported file, hardcopy output is
provided for the 2-D display of the entire run and
individual annotated spectra and deconvoluted spectra.
Each printout includes all of the parameter settings
used for the analysis.
Results and Discussion
Analysis of Bacteria Whole Cell Extracts
The development of MoWeD was driven largely by the
need to rapidly analyze the whole cell extracts of
bacteria [13, 14]. Such samples are extremely complex
and many of the spectra obtained from the LC/MS
analysis are un-interpretable because of the large num-
ber of components eluting from the column at any
given moment. Even so, with most samples, there is a
set of abundant small (2000–20,000 Da) protein compo-
nents that yield good spectra that could be used to
identify the organism. Before the development of
MoWeD, it was necessary to manually search the hun-
dreds of collected spectra looking for charge state
patterns and deconvolute the spectra to determine the
MW value for each component. At least 15 min would
be required to process a run and errors were common.
MoWeD greatly increased the efficiency of the opera-
tion as illustrated by a direct comparison of an analysis
done both manually and using the computer program
(Figure 1). The protein molecular weights found man-
ually were placed in the Target MW list. Of the 18
components found manually, 16 were also found by
MoWeD. The two not listed in the MoWeD results were
found in only one scan and were eliminated by the Run
Results Filter that was set at a value of 2 out of 3 scans.
An additional 19 components were found by MoWeD.
Many were minor components that were obscured by
one or more co-eluting proteins, and were easily missed
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Figure 2. Mass spectrum (lower panel) and deconvoluted spectrum (upper panel) of a sample
containing two high molecular weight proteins. Ions corresponding to the charge states of the higher
MW component (82.7 kDa) are marked with a circle and those of the lower MW component (69.7 kDa)
are marked with a square. Numbers above the symbol correspond to the number of positive charges
for that ion. The dashed line indicates the threshold set at 1.5 times the mean.
Figure 1. Portion of the 2-D display of the results of MoWeD analysis of an LC/MS run of the whole
cell extract of Bacillus anthrasis. Components identified in each scan are represented by a circle plotted
at the intersection of the MW value and scan number. Circles with a line through the center
correspond to components that were on the Target MW list. The inset is the single scan mass spectrum
of the nontargeted component with MW 10071.
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in the rapid manual analysis. However, others, such as
the MW 10,071 Da protein (Figure 1 inset) occurred
singly and yielded clearly defined charge state patterns.
These should have been found in the manual analysis,
but were simply overlooked in the rush to process a
large number of runs. Clearly, the computer analysis is
much more comprehensive, and this run containing 680
scans was processed in only 15 s (22 ms/scan). Equally
important, with MoWeD, the same objective criteria can
be applied across the whole set of similar analyses.
Analysis of High Molecular Weight Proteins
The ionization of high molecular weight proteins
(.50,000 Da) by electrospray always yields a large
number of charge states (Figure 2). With the signal
divided among many different species, ion intensities
are relatively low, and can fluctuate considerably from
scan to scan. A low threshold is needed to include a
larger portion of ions in the analysis and a broader
range of possible MW values needs to be considered by
the analysis algorithm. Consequently, it can take much
longer for MoWeD to process the LC/MS data if very
large proteins must be accommodated. This is illus-
trated by the analysis of a sample that by sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS
PAGE) showed two bands at approximately 70 and 80
kDa. When analyzed by LC/MS, the large protein
components eluted over a broad range of scans yielding
complex spectra of decreasing signal intensity. Using
Figure 3. Two-dimensional display of the results for the MoWeD analysis of a sample containing
high molecular weight components averaging 5 scans (upper panel) and 65 scans (lower panel).
Numbers in the display are the MW values for each component found by MoWeD.
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MoWeD, 13.6 min were required to process 600 scans
(1.4 s/scan) (data not shown). Using the averaging
routine, with n 5 2, the analysis time was reduced to
7.5 min (750 ms/scan) (Figure 3, upper panel). Both of
the expected large protein components were evident in
the 2-D display (Figure 3, upper panel) as well as two
low abundance lower molecular weight components
(34,110 and 9561). The mass values for the 70 kDa
protein are all within the mass error tolerance of each
other. The separation into groups is caused by interven-
ing sets of scans in which that component was not
found by MoWeD. The 80 kDa component however,
appeared to be heterogeneous, with the early part of the
peak giving a mass value approximately 200 mass units
lower. Both components are evident in the deconvo-
luted spectra of the region of the chromatogram where
they overlap. SDS PAGE would not be expected to
reveal such a small mass difference.
When the MoWeD averaging routine was set at n 5
32, the analysis took only 51 s (85 ms/scan) (Figure 3,
lower panel). The increased analysis speed comes at the
expense of missing the low MW component (9561) that
occurred in only a few scans and was obscured when a
large number of scans were averaged. With this setting,
all the scans containing the major components were
grouped together and a single value reported. The
heterogeneous nature of the 82 kDa protein is still
indicated. Components labeled with MW of 98,861 and
98,595 were judged to be artifacts based on the fact that
neither were clearly present in the deconvolution spec-
trum obtained from the average of scans indicated in
the 2-D display.
For a sample such as this, it is more efficient to do
separate analyses for high and low molecular weight
components. If parameters are set to search for compo-
nents in the molecular weight range of 2000 to 40,000,
the analysis using no averaging can be completed in 2.9
min (290 ms/scan) (Figure 4). The 34 and 9.5 kDa
components are clearly evident along with two others at
8.4 and 3.7 kDa.
Analysis of a Tryptic Digest Mixture
MoWeD can be used to process the results of the
LC/MS analysis of peptide mixtures as illustrated by
the analysis of the tryptic peptides from cytochrome c
(Figure 5). Because only components with MW ,4000
were considered, only 5 s were required to process 600
scans (8 ms/scan). Fourteen peptides consistent with
the tryptic peptides were identified in the total run
analysis (Figure 5, circles marked with a line and
numbered). MW assignments were also assigned cor-
rectly for two contaminants of known structure (labeled
as C in Figure 5) and the Heme fragment (labeled as H
in Figure 5). A 15th tryptic peptide (Figure 5, 15#) was
incorrectly assigned at half its molecular weight. The
spectrum was weak and the ion corresponding to the 11
charge state did not reach the analysis threshold. This
also occurred on the leading or trailing edges of the
peaks for five other components (labeled with # in
Figure 5) resulting in extra MW values being added to
the list.
MW assignments for low-resolution spectra contain-
ing smaller (,2000 Da) peptide ions can be problematic
if the mass resolution is not sufficient to resolve the
isotope clusters. If only one ion is observed, the charge
Figure 4. MoWeD analysis of the same sample shown in Figures 2 and 3 only with the parameters
set for components between 2000 and 40,000 Da. Figure insets are spectra from the average of the scans
containing the indicated components.
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state is ambiguous. If a pair of ions are observed that
can be interpreted as the (M 1 H)11 and (M 1 2H)21
charge states, then there is also the possibility that the
ions could correspond to the (M 1 H)11 and (2M 1
H)11 cluster ion. The dimer cluster is usually only
observed for concentrated samples and no examples of
this kind of error were encountered in this particular
example. The presence of Na1 adducts (labeled with a
caret in Figure 5) are readily apparent in the 2-D display
because of the resulting mass shift (122 for 11 ions, 111
for 21 ions). The Na1 adducts can be used to resolve
charge state ambiguities. For 6 of the 11 minor compo-
nents of unknown structure, Na adduct ions or charge
state patterns could be used to confirm the MoWeD
MW assignment. One unknown component was as-
signed incorrectly at half the true MW, and the accuracy
of the remaining four assignments could not be deter-
mined. In total, the molecular weights of 35 of the 41
observed components were correctly assigned.
Conclusions
MoWeD is a very useful tool for analyzing low resolu-
tion ES LC/MS data. The fully automated deconvolu-
tion procedure is faster, more comprehensive, and
provides a uniform set of criteria for comparing results
from different runs. Although efficient, MoWeD is not
error free and some care must be used in setting the
parameters for a particular type of analysis. Features
are built into the program to make it easy to more
carefully examine particular scans or regions of the
chromatogram. Errors or ambiguities in the MoWeD
analysis can generally be quickly resolved provided the
information is available in the spectral data. There will
always be ambiguities with respect to the charge state
of low abundance, low-mass components that are best
resolved by acquiring the data with sufficient resolution
to determine the spacing of the isotope cluster.
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